Heteroduplex joints represent intermediates of Rad51-dependent recombination processes, which are recognized by p53 with extremely high anities, in a manner independent of the DNA sequence content. To determine the structural elements required for complex formation, we monitored DNA-binding by protection against restriction endonuclease cleavage. We show that wild-type (wt) p53 interacts with heteroduplex joints in the proximity of the¯exible junction. Association of p53 within this junction region was also observed with preformed Rad51-heteroduplex complexes, whereas SSB counteracted p53 binding. At a distance of 31 bp from the junction p53 established very few contacts with the heteroduplex, despite the presence of an A ± G mismatch. Consistently, p53-dependent exonucleolytic degradation decreased when we raised the distance between the junction and the heteroduplex terminus by 27 bp. Dierent from the cancer-related mutant p53(273H), which did not recognize the junction, tetramerization defective p53-1262 was protection competent but displayed reduced complex stability in gel shifts. Moreover, p53-1262 performed exonucleolytic activities towards ssDNA like wtp53, but reduced degradation of heteroduplex joints. These results suggest that during recombination wild-type p53, as a tetramer, stably binds to strand transfer regions, enabling the protein to exonucleolytically correct heteroduplex intermediates early after strand invasion.
Introduction
p53 is a tumor suppressor with central functions in maintaining the genomic stability. When expressed at high levels, it transcriptionally transactivates approximately 50 genes, such as the G1 arrest gene p21 WAF1/CIP1 , and thereby inhibits growth and induces apoptosis under certain cellular conditions (Lane, 1992; Tokino et al., 1994; Levine, 1997) . At both basal and elevated protein levels, wtp53 down-regulates homologous recombination processes, to avoid detrimental rearrangements such as the unrestrained loss of heterozygosity (Xia et al., 1994; Meyn et al., 1994; WiesmuÈ ller et al., 1996; Honma et al., 1997; Bertrand et al., 1997; Mekeel et al., 1997) . Separation of function mutations were identi®ed, which served to demonstrate that wtp53 regulates spontaneous and radiation-induced homologous recombination independently of its activities in transcription and growth control (Saintigny et al., 1999; DudenhoÈ er et al., 1999; Willers et al., 2000) . Hence, like the tumor suppressors MSH2 and BRCA1, p53 performs genome stabilizing functions by checkpoint control and by regulating recombinative repair (Dasika et al., 1999; Albrechtsen et al., 1999) . SV40-virus based recombination assays, which were designed to generate mispairings within the heteroduplex after strand transfer, led to the discovery that certain mismatches cause maximal inhibition of DNA exchange (DudenhoÈ er et al., 1998) . From this, it was suggested that p53 monitors the ®delity of strand exchange events. Consistent with a role in restraining the exchange of mismatched sequences, sister chromatid exchanges rise in p53-de®cient cells (Ishizaki et al., 1994; Cleaver et al., 1999; Schwartz and Russell, 1999) . Moreover, wtp53 appears to create a threshold for recombination between short versus long homologies, and stabilizes certain tetranucleotide repeats (Gebow et al., 2000; Ahrendt et al., 2000) .
In addition to binding DNA in a sequence-speci®c manner via its core domain, p53 interacts with DNA lesions, namely with unpaired nucleotides like mispairings and gaps or with ssDNA and dsDNA ends (Jayaraman and Prives, 1995; Lee et al., 1995; Zotchev et al., 2000) . These interactions involve the C-terminal 30 amino acids of p53, and facilitate simultaneous recognition of the same DNA molecule by the core domain. The anity of binding to p53-response elements rises with DNA bending (Balagurumoorthy et al., 1995; Nagaich et al., 1997a Nagaich et al., ,b, 1999 , and p53 oligomers induce DNA looping by self-association (Stenger et al., 1994) . Con®rming the importance of secondary structures for p53-dependent DNA interactions, it was noticed that even supercoiled DNA eciently competes with consensus DNA in DNA-binding assays with p53 (Palecek et al., 1997) . Applying gel retardation assays and electron microscopy, wild-type p53 was demonstrated to interact with Holliday junctions and with three-stranded (3s) heteroduplex joint (HJ) recombination intermediates independent of the DNA sequence content (Lee et al., 1997; DudenhoÈ er et al., 1998) . Cancer-related p53 mutants show defects in controlling recombination, and for each p53 mutant analysed so far, a correlation was observed between the intensity of binding to these intermediates and the ability to suppress homologous recombination (Saintigny et al., 1999; DudenhoÈ er et al., 1999; Willers et al., 2000; SuÈ sse et al., 2000) . Interactions of p53 homotetramers with recombination intermediates were characterized by a high speci®city and binding anity (K D =0.1 nM), which was further increasing by the presence of certain mismatches (DudenhoÈ er et al., 1998) . The analysis of truncated p53 molecules showed that the extreme C-terminus is dispensable for recombination suppression, but mediates the mismatch-dependent stimulation of junction DNA-binding by p53 (DudenhoÈ er et al., 1999) . In contrast, further truncation beyond the tetramerization domain renders p53 inactive with respect to recombination control and HJ binding.
The observation that p53 is able to exonucleolytically process DNA ends in a 3'-45' orientation provided the biochemical basis for a putative proofreading function of p53 in DNA replication or DNA repair (Mummenbrauer et al., 1996; Jean et al., 1997; Huang, 1998; Janus et al., 1999; Skalski et al., 2000; Shakked et al., 2000; Bakhanashvili, 2001) . The catalytic center is located within the core domain, and requires the integrity of the same core amino acids, which underly binding to consensus elements and to HJs, transcriptional transactivation and recombination regulatory functions, and which are frequently mutated in cancer patients Skalski et al., 2000) . In support of a proofreading function, p53 was shown to exonucleolytically attack DNA with a preference for duplexes comprising a mismatch at the 3'-terminus (Huang, 1998; Skalski et al., 2000; Bakhanashvili, 2001) . In support of recombinationassociated functions, nucleolytic attack was demonstrated to rise during Rad51 based strand transfer assays (SuÈ sse et al., 2000) . Further analysis of substrate speci®cities uni®ed both observations by unveiling the preferential removal of mismatched nucleotides from recombination intermediate structures. Therefore, it is conceivable that the exonuclease activity of p53 serves to monitor the ®delity of recombinative repair processes.
Our objective in this study was to improve the knowledge on the newly discovered biochemical activities of p53 underlying the surveillance of recombinative repair, to better understand this biological function. Using HJs, speci®cally designed to study the sites of interaction, we were able to distinguish between interactions mimicking interference at an earlier and at a later stage of Rad51-mediated strand transfer. Furthermore, we analysed the role of cooperativity during the formation of tetrameric p53 complexes with these substrates and during exonucleolytic attack, thereby providing critical information on the possible mechanisms leading to target site selection in living cells.
Results

Endonuclease protection by p53 interacting with heteroduplex joints
In our previous studies we described a sequenceindependent DNA-binding activity of p53 directed speci®cally towards 3s HJ recombination intermediates (DudenhoÈ er et al., 1998; 1999; SuÈ sse et al., 2000) . In view of the observations that p53 also recognizes certain types of DNA damage, such as unpaired bases (Lee et al., 1995; Zotchev et al., 2000; Balagurumoorthy et al., 1995) , we investigated which secondary structure within recombination intermediates represents the primary target for DNA interactions.
For this analysis we designed 3s HJs with a long distance between the junction and the A ± G mismatch within the heteroduplex (`long HJs'), so that, dierent from the`short HJs' utilized so far, simultaneous interactions of one single p53 tetramer at both sites were unlikely (Cho et al., 1994) .`Long HJs' represented a hybrid of the oligonucleotides`top(long)',`A ± G central(long)', and`bottom(long)' (Figure 1a) . Oligonucleotides`top(long)' and`A ± G central(long)' generate a heteroduplex of 54 bp between the duplex terminus and the 3-stranded junction. Within thē exible junction`A ± G central(long)' can either pair with`top(long)' or with`bottom(long)' over a distance of 15 bp. The A ± G mismatch is located at position 15 starting from the heteroduplex terminus and, therefore, at a distance of 39 bp from the¯exible junction. The design of the hybrid also included the introduction of several unique restriction enzyme recognition sites, to monitor protein ± DNA complex formation by restriction enzyme cleavage protection analysis.
Control electrophoretic mobility shift assays assured that`long HJs' comparably promoted p53 ± HJ complex formation as`short HJs' (data not shown). Binding of wtp53 protected the heteroduplex against XhoI hydrolysis, with the degree of protection increasing with increasing p53 concentration ( Figure  1b , lanes 6 ± 9). This eect was speci®c for p53, as compared to BSA or the ssDNA-binding protein (SSB) from E. coli (lanes 10 ± 11). Recognition and cleavage by XhoI occurs at position 49 within the`top(long)'/ A ± G central(long)'-heteroduplex. In addition to its DNA-binding activity, p53 started to exonucleolytically attack the radiolabeled HJ during the 5 min incubation period at 378C in the presence of Mg 2+ ions (Mummenbrauer et al., 1996) . To exclude any indirect eects on the restriction endonuclease protection pattern from exonucleolytic hydrolysis, we next utilized HJ substrate, which was phosphorothioate (PTO) modi®ed (Figure 1c ). With this substrate endonucleo- Figure 1 p53 protection against restriction endonuclease cleavage within HJ DNAs. Complexes between p53 and 3s HJs were prepared under band-shift conditions as described in Materials and methods. After equilibration at 378C, reactions were supplemented with the restriction enzyme, further incubated for 5 or 10 min, and terminated by EDTA/proteinase K treatment. After electrophoresis through a TBE-buered 6% polyacrylamide gel, gels were dried and subjected to autoradiography. The positions of full-length`long HJ' (Figure 1b,d,e) , the full-length`top(long)' oligonucleotide ( Figure 1c) , and the`top(long)' fragments (Figure 1b ± e) after restriction enzyme cleavage are indicated by arrows next to the corresponding cartoon, in which the radiolabel is symbolized by an asterisk and the A ± G mismatch by a triangle. The 2-to 3-mer end products of exonucleolytic degradation are marked (Mummenbrauer et al., 1996; Skalski et al., 2000) . (a) The design of`long HJ' DNA substrate, consisting of the [ 32 P] labeled oligonucleotide`top(long)' and the unlabeled oligonucleotides`A ± G central(long)' and`bottom(long)', is schematically drawn as explained in the text. (b) Restriction enzyme protection was studied with increasing concentrations of p53 (0.5 nM, 1 nM, 3 nM, or 4 nM in lanes 6 ± 9), with BSA (100 nM in lane 10), and with SSB (100 nM in lane 11). Controls without restriction enzyme (lanes 2 ± 4) were with 4 nM p53, 100 nM BSA, and 100 nM SSB. In lanes 1 and 5 weak bands appear between the positions of the full-length`long HJs' and the`top(long)' XhoI fragment. These bands represent residual ssDNA and dsDNA. (c) To better distinguish between radiolabeled fragments generated after XhoI versus XbaI and HincII cleavage, we separated DNA strands by heating at 908C before gel electrophoresis. To suppress 3'-45' exonuclease activities, we utilized PTO-modi®ed`top(long)' oligonucleotide and included 5 mM GMP into the reaction mixtures. BSA was present at a concentration of 400 nM. Concentrations of p53 were 0.5 nM (lanes 2, 6, 10), 1 nM (lanes 3, 7, 11, 15), 1.5 nM (lanes 4, 8, 12 ) and 2 nM (lanes 13, 16). (d) Protection against XhoI and HinfI cleavage was analysed in the presence of 80 nM BSA without strand separation before gel electrophoresis. p53 was included at 0.3 nM, 0.6 nM, or 2 nM in laneslytic cleavage at the restriction sites of interest remained possible, however, 3'-45' exonucleolytic degradation was neither allowed to start from the heteroduplex terminus nor to proceed from the internal double-strand-breaks created by the restriction digest. Moreover, we included 5 mM GMP into the reaction mixtures, which is known to eectively inhibit p53 and polymerase associated exonucleases (Mummenbrauer et al., 1996) . Under those conditions, which were applied to our subsequent experiments, the p53-dependent XhoI protection pattern remained unaltered and exonucleolytic degradation was negligibly low, i.e. signals remained below 2% of the input (Figure 1c ).
To determine whether protection is site-dependent within the heteroduplex, we compared the protective capacities of preformed p53 ± DNA complexes towards XhoI-and towards XbaI-digestion ( Figure 1c ). To better resolve the resulting fragments, we heat-denatured the samples before gel electrophoresis, thereby visualizing the full-length and shortened variants of the radiolabeled oligonucleotide`top(long)'. On average, ®vefold higher protein concentrations were required, to obtain similar protection at the XbaI-site at a distance of 31 bp from the¯exible junction and 8 bp from the A ± G mismatch, as compared to the XhoI-site 5 bp next to the junction (n=3). To exclude eects resulting from the unusual performance of a single restriction enzyme, we prepared reactions with HinfI (Figure 1d ), which recognizes a site 9 bp next to the junction, and with HincII (Figure 1c ), which recognizes a site between the A ± G mismatch and the heteroduplex terminus. The protection pattern was similar at the HincII site versus the XbaI site, and at the HinfI site versus the XhoI site. These observations indicated that p53-DNA complexes are predominantly formed at the junction rather than within the heteroduplex part, and suggested that the target site of p53 covers a region of at least 9 bp next to the junction.
So far three cancer-related p53 mutants were shown to be defective in the regulation of homologous recombination as well as in stable complex formation with HJs, as deduced from gel retardation experiments (Saintigny et al., 1999; DudenhoÈ er et al., 1999; SuÈ sse et al., 2000) . In endonuclease protection reactions with long HJs', p53(273H) was hardly found to hinder XhoI from cleavage at concentrations, which promoted full protection by wtp53 (Figure 1e ). Thus, p53(273H) is severely impaired in associating with DNA junctions.
Effect of Rad51 on p53-mediated endonuclease protection
In our previous studies, we noticed an enhancement of the p53-dependent exonuclease activity by the Rad51-mediated generation of strand exchange intermediates (SuÈ sse et al., 2000) . Additionally, substrate speci®city analyses uncovered a preference for preformed junction DNAs, which represent frozen DNA exchange intermediates. These observations suggested that at least part of the stimulatory eect during strand exchange was caused by DNA substrate generation. Consequently, we investigated whether p53 associates with Rad51-complexed HJs within the junction region.
To mimic Rad51-dependent HJ formation, Rad51 was incubated with`long HJs' for nucleoprotein ®lament formation before p53 was allowed to interact with the HJ. XhoI cleavage revealed that the proximity of junctions was protected by Rad51, although protein concentrations at least one order of magnitude above those applied for p53 were necessary, to obtain equal protection. Rad51-mediated heteroduplex protection at the junction is compatible with a recent report, which describes that RecA, assembled on the ssDNA, also coats the neighboring double-stranded region (Pham et al., 2001) . For the combined Rad51 ± p53 analysis displayed in Figure 2 , protein concentrations were purposefully chosen such that weak protection was achieved with Rad51 alone and weak to almost complete protection with p53 alone. The formation of XhoI fragments was quanti®ed by phosphorimaging. In assays with Rad51 and p53 at these stoichiometries, we noticed higher protection at the XhoI-site than with Rad51 or p53 alone, which is compatible with neighboring interactions within the same junction region (Figure 2a ). In contrast, with SSB and p53, we saw SSB to counteract p53-dependent interactions at the junction, indicating competitive rather than synergistic DNA interactions (Figure 2b ).
3'-45' Exonuclease activities on``long HJs'' versus`s hort HJs''
We have previously observed that wtp53 eciently attacks HJs, especially HJs with an A ± G mismatch, by stepwise nucleotide removal starting from the heteroduplex terminus with a 3'-45' polarity (SuÈ sse et al., 2000) . Since protection analysis in this study showed that wtp53 binds HJs preferentially next to the DNA junction, we asked whether`long HJs' with a total A ± G mismatch heteroduplex length of 54 bp are attacked equally eciently as`short HJs' with a length of 27 bp.
In the experiments summarized in Figure 3 we followed the removal of full-length HJ substrates over time by gel electrophoretic analysis and subsequent PhosphorImager quanti®cation of the substrate bands. The resulting data points for the decrease of radioactivity with time allowed ®tting by a single-exponential decrease function. Quanti®cation of the exonuclease activity curves showed that`long HJ' DNA was degraded at a twofold reduced rate as compared to`short HJ' DNA. This result suggested that both the number of DNA-binding and of exonuclease active p53 molecules was lower within heteroduplex parts far from the junction.
Heteroduplex joint interactions of tetramerization defective p53-1262
Tetramerization of p53 was shown to be important for the cooperativity of DNA-binding and for DNA bending during the interactions with consensus sequences (Balagurumoorthy et al., 1995; Nagaich et al., 1997a Nagaich et al., ,b, 1999 . Since junction DNA is bent intrinsically, we analysed a possible role of tetramerization in Oncogene p53 tetramers exonucleolytically attack DNA junctions C Janz et al the sequence-independent interactions of p53 with HJs. For our investigations we made use of the mutant p53-1262 with four amino acid exchanges within the ahelical tetramerization region of p53 (Tarunina et al., 1996) . This mutant is impaired in transcriptionally transactivating a p21-promoter in the chromosomal context without a defectiveness during episome based reporter assays. Physical interactions with the p53 consensus binding site oligonucleotide displayed a temperature-sensitivity at 378C.
When p53-1262 was incubated with radiolabeled HJs at increasing protein concentrations and at 378C, DNA complexes with oligomeric p53-1262 were found to remain stable during gel shift analysis only at 17 nM p53-1262 (Figure 4a , lane 6). For wtp53 oligomeric complex bands were noticed already at a concentration of 8 nM (Figure 4a, lane 11) . Band intensities in gel shift assays re¯ect the protein ± DNA complex formation and additionally the complex stability during the electrophoresis period, whereas restriction endonuclease protection analysis characterizes protein ± DNA complex formation only. Consequently, one order of magnitude lower, protein concentrations were sucient to visualize DNA interactions by protection analysis (Figure 4a,b) . When we analysed the interactions of p53-1262 at dierent concentrations with`long HJs' by XhoI cleavage, fragments were generated similarly as with wtp53 ( Figure 4b) . Therefore, it appears that the interactions of oligomeric p53-1262 with HJs are altered predominantly by a reduced capacity to form stable complexes.
3'-45' Exonuclease activities on heteroduplex joints by p53-1262
To determine the role of tetramerization in exonucleolytic DNA degradation, we monitored the wtp53-and Figure 2 Protection analysis for p53 and preassembled Rad51 ± HJ complexes. (a) Protection analysis was performed for p53 binding to`long HJs', as in Figure 1d . HJ DNA was incubated with Rad51 protein (5 nM in lanes 6 ± 9) or with Rad51 storage buer (lanes 1 ± 5) on ice. After 30 min reactions were supplemented with p53 (0.3, 0.6 or 2 nM in lanes 3 ± 5, 7 ± 9; 3 nM in lane 1). After 30 min of further incubation on ice, reactions were equilibrated at 378C and XhoI was added. Ten minutes later, reactions were stopped and analysed by polyacrylamide gel electrophoresis. Relative intensities of the bands migrating at the position of the XhoI fragments were plotted. XhoI cleavage in the control without Rad51 was taken as 100%. (b) Protection analysis was performed for p53 binding to`long HJs' at increasing concentrations (0.5, 1, 1.5 or 2 nM in lanes 4 ± 7, 9 ± 12; and 14 ± 17; 2 nM in lane 1), as in Figure 1c . Both Rad51 (lanes 8 ± 12) and SSB (lanes 13 ± 17) were included into the p53 DNA binding mixtures at a constant concentration of 5 nM Figure 3 p53-dependent exonucleolytic removal of`long HJs' and`short HJs'. Exonuclease assays using [ 32 P] labeled`long HJs' (lanes 1, 3, 5, 7, 9) or`short HJs' (lanes 2, 4, 6, 8, 10) were performed with 1 nM wtp53 at 378C and the products electrophoresed in a native polyacrylamide gel. An autoradiography, which depicts one representative experiment, is shown on top.
PhosphorImager analysis was applied to quantify the amounts of full-length input 3s substrates remaining after incubation periods of 5, 15, 30 and 45 min. Exonuclease activities are diagrammatically given in % DNA degradation at the bottom and represent the mean values including s.e.s of 2 ± 4 independent measurements each. Black triangles indicate measurements with`short HJs', grey squares with`long HJs'. S.e.s are smaller than grey squares at three data points p53 tetramers exonucleolytically attack DNA junctions C Janz et al p53-1262-dependent removal of full-length substrates at 378C ( Figure 5 ). For detailed comparisons we chose ssDNA, the junction-free substrate preferred by both proteins, and`short HJs', mimicking early recombination intermediates. With`top' oligonucleotide [ 32 P] labeled at the 5'-end p53-1262 and wtp53 produced exonuclease reaction curves that were almost indistinguishable (Figure 5a) . In contrast, when we incubated these proteins with`short HJs', comprising the same [ 32 P] labeled`top' oligonucleotide, we noticed that the rates of p53-1262 were ®vefold reduced as compared to wtp53 (Figure 5b ). Wtp53-speci®c rates were twofold higher with the HJ than with ssDNA. For p53-1262 a severe defectiveness was observed both with A ± G mismatch comprising and mismatch-freè short HJs' (Figure 5c ). The residual exonuclease activity by p53-1262 still displayed a slight preference for heteroduplexes with an A ± G mismatch, i.e. a residual proofreading activity (Huang, 1998 ; SuÈ sse et al., 2000; Bakhanashvili, 2001 ). Thus, tetramerization of p53 appeared to be necessary for rapid DNA degradation with the recombination-related HJs (SuÈ sse et al., 2000).
Discussion
Biochemical studies indicated that among the DNA interactions analysed so far, p53 exhibits maximal anities for HJ recombination intermediates with certain base mispairings within the heteroduplex part (DudenhoÈ er et al., 1998 (DudenhoÈ er et al., , 1999 SuÈ sse et al., 2000) . Low p53 protein levels, such as in the absence of a DNA damage stimulus, are sucient for the downregulation of homeologous recombination processes, an observation which is consistent with high anity binding of p53 to HJs (DudenhoÈ er et al., 1999) . The data presented in this study characterize these sequence-independent interactions of p53. To identify the secondary structure, which represents the major target for p53 during these high anity interactions with HJs, we utilized the technique of restriction endonuclease cleavage analysis. Among the possible p53 contact sites, we analysed regions at the DNA end, close to the mismatch, or next to the DNA junction within the same HJ molecule. For our experiments the junction and the mismatch were moved further apart, to extend the distance from 11 to 39 bp. From the crystal structure and from molecular modeling studies of the tetrameric complex (Cho et al., 1994; Balagurumoorthy et al., 1995; Nagaich et al., 1997a Nagaich et al., ,b, 1999 this DNA stretch was not expected to be covered by laterally positioned p53 moieties. Therefore, these conditions reduced the probability of simultaneous binding of one p53 tetramer to both secondary structures. This allowed to identify p53 contacts with the junction as the critical determinant for high anity binding to HJs. This result is in agreement with earlier studies, in which we discovered that C-terminally truncated p53(1 ± 363) cannot discriminate between mismatch-comprising and mismatch-free HJs, but still binds HJs with high anities (DudenhoÈ er et al., 1999). Therefore, binding of a mismatch via the Cterminus adds a second hierarchy of speci®city.
Since with a 3s HJ the central DNA strand joins the top and the bottom strand and can pair with either strand over a distance of 15 bp, the junction region is characterized by DNA bending and¯exibility. This feature, as opposed to the mere transition between dsDNA and ssDNA, seems to be critical for the speci®c interactions by p53, because p53 fails to interact with branched DNA structures, lacking the third strand (DudenhoÈ er et al., 1998). Previous DNA cyclization, footprinting, and A-tract phasing experiments indicated that even during sequence-speci®c DNA interactions the binding anity of p53 was correlated with DNA bending and¯exibility at the pentameric junctions within the response elements (Balagurumoorthy et al., 1995; Nagaich et al., 1997a Nagaich et al., ,b, 1999 . Thus, the strength of sequence-speci®c Figure 4 HJ interactions of p53 ± 1262 as compared to wtp53. (a) HJ-complex formation by wtp53 and p53 ± 1262 was compared by electrophoretic mobility shift assays at 378C.`Short HJ' substrates were included together with p53 proteins at the indicated concentrations in nM together with 150 nM BSA. The positions of substrate bands, of DNA complexes containing oligomeric wtp53 or p53-1262 are indicated by schematic illustrations next to the black thin and the grey thick arrow, respectively. Radioactive signals, which appear between these bands, most likely re¯ect disintegrating complexes, since they were not seen, when gel shifts were performed at 48C. (b) The recognition of junction regions within`long HJs' was analysed by protection against restriction endonuclease cleavage, as described and illustrated for Figure 1e . Wtp53 (lanes 3 ± 6) and p53-1262 (lanes 7 ± 10) were added at increasing concentrations of 0.8, 1.5, 3 and 5 nM DNA-binding is modulated by the same secondary structures, which underly the high anity interactions of p53 with three-and four-stranded recombination intermediates independent of the sequence context (Lee et al., 1997; DudenhoÈ er et al., 1998) .
Since wild-type p53 controls homologous recombination independently of its transcriptional and cell-cycle regulatory functions, several investigators have aimed at clues to the underlying mechanism (Saintigny et al., 1999; DudenhoÈ er et al., 1999; Willers et al., 2000) . Using dierent repeat recombination substrates, Lopez and colleagues demonstrated that regulatory activities of p53 in homologous recombination concern processes, which are initiated by strand invasion (Saintigny et al., 1999) . The involvement of p53 in a Rad51-dependent pathway was indicated, because we demonstrated that p53-DNA complexes were increasingly found, when Rad51-nucleoproteins were allowed to assemble on 3s HJs before the association of p53 (SuÈ sse et al., 2000) . Here, we provide evidence that both Rad51, which during recombination generates joint molecules (Baumann and West, 1998) , and p53, with putative functions in monitoring recombinative repair at a very early stage (DudenhoÈ er et al., 1998), Figure 5 Exonucleolytic removal of ssDNA as compared to HJs by wtp53 and p53-1262. Exonuclease assays with labeled ssDNA or`short HJs' without or with an A ± G mismatch were performed as in Figure 3 . For each substrate analysis autoradiographies are shown, which depict one representative experiment. wtp53 and p53-1262 were included both at a ®nal concentration of 1 nM. Illustrations of the DNA species visualized in the autoradiographies are as in Figure 1 . Grey squares mark data for wtp53, rhombic symbols in black data for p53-1262. as compared to restriction enzyme cleavage analysis (this study), Rad51 most likely increases the half-life of p53 ± HJ complexes. It is conceivable that DNA-bound Rad51 stabilizes p53 ± DNA complexes either by inducing a favorable DNA conformation or/and by direct protein ± protein interactions, similar to the self-association between p53 monomers and tetramers via core domain contacts (Stenger et al., 1994) . As the binding of p53 to HJs is characterized by high o-rates, the stability of DNA interactions is expected to play a major role in the selection of sites for the execution of p53 functions in recombination (Lee et al., 1997; DudenhoÈ er et al., 1998) , such as for exonucleolytic proof-reading.
Compatible with a stabilization of p53 ± DNA complexes by Rad51, the exonucleolytic DNA attack by p53 was observed to become stimulated several fold by the Rad51-mediated generation of recombination intermediates (SuÈ sse et al., 2000) . Therefore, reasons for the multifunctionality of p53 may not only be found in changes in the expression, modi®cation, and localization pattern of the protein, but also in the availability of repair-related docking sites. Probably our most intriguing observation in this work with regard to the proposed role of p53 in monitoring the ®delity of recombination processes at an early stage (DudenhoÈ er et al., 1998; SuÈ sse et al., 2000) was the decrease of the exonucleolytic attack of the HJ heteroduplex, when the distance between the heteroduplex terminus and the junction was raised from 27 to 54 bp. This suggests that p53-dependent 3'-45' exonuclease activities are preferentially executed by p53 in complex with a newly formed junction, possibly within larger oligomers, to explain concomitant binding and exonucleolytic degradation of HJ DNAs. Another exonuclease, the Werner syndrome protein (WRN), was shown to bind wtp53 at the Cterminal end (Blander et al., 1999) . However, the Cterminus is neither required for exonucleolytic DNA degradation by p53 nor for the regulation of DNA recombination, which indicates that p53 and WRN perform independent activities during recombination DudenhoÈ er et al., 1999; Skalski et al., 2000) . Moreover in contrast to p53, WRN binds ssDNA equally well as Holliday junctions (DudenhoÈ ffer et al., 1998; Constantinou et al., 2000) . p53 shows a preference for substrates with mispairings (Huang, 1998; SuÈ sse et al., 2000; Skalski et al., 2000; Bakhanashvili, 2001) . Therefore, it is conceivable that p53 not only binds to early intermediates of recombination, but also exonucleolytically corrects errors, stemming from DNA exchange or from the replicative extension of the invading end. The 3'-45' polarity of exonucleolytic degradation by p53 is compatible with the polarity of strand exchange during DNA synthesis, which serves to bypass unrepaired lesions at replication forks (Haber 1999 ; Flores-Rozas and Kolodner, 2000).
An involvement of p53 in replication-associated recombination processes is consistent with the colocalization of p53 with Rad50 and Rad51 complexes during DNA synthesis (Zink et al., submitted), and would explain, why p53 is linked to enzymes of DNA replication, such as the single-stranded DNA-binding protein RPA and polymerase a (Wold, 1997; KuÈ hn et al., 1998) .
Because p53(1 ± 333), which is lacking the oligomerization domain, is impaired in inhibiting homeologous recombination processes, whereas p53(1 ± 363) without the mismatch sensing C-terminus is fully active, an important involvement was attributed to the tetramerization domain (DudenhoÈ er et al., 1999) . A particularly important ®nding in the present work is that tetramerization of p53 is a prerequisite for ecient exonucleolytic degradation of recombination intermediates. This result was surprising, since the exonuclease activity towards ssDNA, the preferred recombinationunrelated DNA substrate (Jean et al., 1997; Huang, 1998; SuÈ sse et al., 2000; Bakhanashvili, 2001) , was unaected by amino acid changes within the a-helical tetramerization region. Our observation concerning ssDNA substrate is in accord with earlier mapping data, which indicated that the catalytic domain of the exonuclease activity lies within the central core (Mummenbrauer et al., 1996; Janus et al., 1999; Skalski et al., 2000) . While protection analysis did not uncover severe defects in HJ binding with the tetramerization mutant p53-1262, elevated protein concentrations were necessary to visualize stable p53-1262 complexes during gel shifts assays. In conclusion, p53-1262 seems to contact junction regions, but forms HJ complexes with reduced stability. Therefore, in order to achieve maximal exonuclease activities with HJs, it seems to be necessary that p53 forms stable tetrameric DNA complexes. Without stable junction binding the radiolabeled heteroduplex within the HJ appears as the least favored substrate for the 3'-45' exonuclease, namely dsDNA (Jean et al., 1997; Huang, 1998; SuÈ sse et al., 2000; Bakhanashvili, 2001) . In view of the detrimental eects of uncontrolled exonucleolytic attacks in vivo, it seems reasonable to restrict this activity to selected sites by speci®c DNA interactions and by stabilizing contacts with prebound Rad51 and other proteins. p53(273H) represents a DNA contact mutant devoid of an arginine, which is critical for sequence-independent DNA-binding due to its involvement in electrostatic interactions with a phosphate group (Cho et al., 1994) . In contrast to p53-1262, p53(273H) showed severely reduced interactions with HJs according to both gel shift and protection analyses, which indicated a defectiveness already at the stage of complex formation. Consequently, p53(273H) neither establishes stable complexes nor regulates recombination (DudenhoÈ er et al., 1999; SuÈ sse et al., 2000) . Again dierent from p53-1262, p53(273H) has lost exonuclease activities towards both HJs and ssDNAs (Mummenbrauer et al., 1996; SuÈ sse et al., 2000) . Thus, arginine 273 promotes junction DNA interactions of p53 mono-mers, whereas tetramerization of p53 stabilizes the complex. Cancer-related p53 mutants with alterations at residue 273 served to separate functions in recombination control and in the regulation of growth (Saintigny et al., 1999; DudenhoÈ er et al., 1999) . Interestingly, oligomerization defective p53 mutants are not always inactive in transcriptional transactivation and growth suppression (Tarunina et al., 1996; Chene and Bechter, 1999a,b; Atz et al., 2000) . Therefore, with respect to possible links between the surveillance of homologous recombination by p53 and tumor suppression, it will be interesting to see, whether dierent oligomerization mutants of p53 have lost their capacity to suppress DNA exchange events.
The present results indicate that DNA junctions are the predominating contact sites of p53 within recombination intermediates, and thus, represent the secondary structures underlying these high anity interactions in the absence of a p53 consensus sequence. With p53, speci®city of binding to HJs relies on residues within the core domain, such as the DNA contacting arginine 273. Tetramerization of p53 and pre-assembled Rad51 stabilize the complex. Concerning the 3'-45' exonuclease activity, intrinsic to p53, both core residue interactions and tetramerization are essential for speci®c and fast hydrolysis of HJ substrates. The present ®ndings support the concept that the interactions of p53 with recombination intermediates provide the mechanistic basis for speci®c target site selection during recombinational repair. Moreover, our data strengthen the idea that the biological role of p53 as an exonuclease is to excise mispairings from recombination intermediates, to abrogate error-prone DNA exchange events.
Materials and methods
Preparation and purification of proteins
Wtp53, p53(273H), and p53-1262 with the non-wt amino acids 341K, 344E, 348E, and 355K (Tarunina et al., 1996) of human origin were overexpressed in insect cells and puri®ed to homogeneity by the optimized protocol for PAb421-immunoanity puri®cation; recombinant, human Rad51 was produced in bacteria and puri®ed by sequential chromatographic steps as described (SuÈ sse et al., 2000) . Protein concentrations were determined after SDS ± PAGE and Coomassie Blue staining from the band intensities utilizing a BSA calibration curve and were calculated for the tetramer with respect to p53. SSB from E. coli was purchased from Amersham-Pharmacia Biotech, BSA from New England Biolabs.
Preparation of DNA substrates
Long HJs' for restriction enzyme cleavage protection analyses, electrophoretic mobility shift assays, and as substrates for 3'-45' exonuclease measurements were generated by use of the oligonucleotides`top(long)' 5'-GACGCTGCC-GAATGGATCCGGTTAAAGGGTAATTTTAAAATATC-TCGAGAGTCCCTTCCACTGCTGTGTTCTAGAAGTG-TTGGTTAACAGCCC-3' (93-mer),`A-G central(long)' 5'-G GGCTGTTAACCAAAACTTCTAGAACACAGCAGTG-GAAGGGACTCTCGAGATATTTTAAAATTACCCTTA-GAAATCGATCTGTGAAAAACCCCTACCCGGGTTCC-TTTTT-3' (110-mer), and`bottom(long)' 5'-AAAAAG-GAACCCGGGTAGGGGTTTTTCACAGATCGATTTCT-AAGGGTAATTTTAAAGGTGTCTAGAGGATCCGACT-ATCGA-3' (81-mer) or by use of the PTO modi®ed`top(long)' 5'-GACGCTGCCGAATGGATCCGGTTAAAGGGTAATTxTxTxAxAxAATATCTCGAGAGTCCCTTCCACxTxGxCxTxGTGTTCTAGAAGTGTTGGTTAACxAxGxCxCxC-3' (93-mer),`A ± G central(long)', and`bottom(long)' (PTObonds within the sequence are indicated by an x). Oligonucleotides were designed such that hybridization between`top(long)' and`A ± G central(long)' creates an A ± G mispairing at nucleotide position 15 with respect tò A ± G central(long)' (mispaired bases underlined) and restriction endonuclease recognition sites for HincII (base pair 10), XbaI (base pair 23), HinfI (base pair 45), and XhoI (base pair 49). Oligonucleotides`top' (66-mer),`A-G central' (66-mer), and`bottom' (64-mer) are encompassing sequences from the same SV40-VP1 region as`top(long)',`A ± G central(long)', and`bottom(long)' and were used to generate a 3s HJ with a 27 bp shorter heteroduplex between the oligonucleotides`top' and`A ± G central' (`short HJ'), which comprises an A ± G mismatch 16 bp distant from the terminus (DudenhoÈ er et al., 1998) . Oligonucleotide`central' was hybridized in place of`A ± G central' to prepare mismatch-free`short HJs'. Top oligonucleotides were [ 32 P] labeled ssDNAs or 3s hybrids were puri®ed and quanti®ed exactly as described (DudenhoÈ er et al., 1998) . Synthetic oligonucleotides were from MWG Biotech.
DNA-binding analysis by electrophoretic mobility shift assays
Electrophoretic mobility shift assays were performed with puri®ed p53 proteins at concentrations ranging from 0.8 ± 5 nM in a mixture of 25 mM Tris-HCl (pH 8.0), 5 mM EDTA, 1 mM DTT, 6% glycerol, and 150 nM BSA. Protein ± DNA complex formation was started by the addition of 50 pM 32 P-labeled long or`short HJ' DNA (10 000 c.p.m.) and was followed by an incubation period of 30 min on ice or at 378C, the latter when wtp53 was compared with p53-1262. For each reaction mixture the volumes of protein solutions were normalized with storage buer. Native polyacrylamide gel electrophoresis at room temperature, autoradiography, and PhosphorImager quanti®cation of the radioactively labeled complexes have been described before (SuÈ sse et al., 2000) .
DNA interaction analyses by protection against restriction endonuclease cleavage
Protein DNA complexes with`long HJs' were prepared as for shift assays in 20 mM Tris acetate (pH 7.9), 50 mM potassium acetate, 10 mM magnesium acetate, 1 mM DTT. The concentrations of p53 (0.3 ± 6 nM), Rad51 (5 nM), SSB (3 ± 100 nM), and BSA (100 ± 400 nM) were, as individually indicated. For experiments designed to analyse the association of p53 with Rad51-nucleoprotein ®laments, Rad51 protein was titrated ®rst, to identify the Rad51 protein concentration, which results in 20 ± 30% protection from XhoI cleavage. Accordingly, we allowed the preassembly of Rad51 ± DNA complexes in the presence of 3 mM ATP (Roche) for 30 min on ice, and continued the incubation for 30 min, when p53 was added. After protein ± DNA complex formation the mixtures were equilibrated at 378C for 5 min. Subsequently, restriction enzyme-mediated cleavage was p53 tetramers exonucleolytically attack DNA junctions C Janz et al started by adding 2.5 ± 10 U of either HincII, XbaI, HinfI, or XhoI, followed by further incubation at 378C for 10 min. The resulting DNA species were deproteinized by the addition of one eighth volume stop solution (200 mM EDTA [pH 8.0], 2% SDS, 5 mg/ml proteinase K purchased from Sigma) and further incubated at 378C for 10 min. Samples were supplemented with gel loading buer, thereby bringing the mixture to a ®nal concentration of 0.1% bromophenol blue and 13% glycerol. Reaction products were separated by electrophoresis on a native TBE-buered 6% polyacrylamide gel at room temperature. Dried gels were subjected to PhosphorImager analysis to quantify the formation of cleavage products. When we analysed the protection pattern with XbaI or HincII, the DNA cleavage products were denatured for 10 min at 908C before electrophoresis.
Monitoring exonuclease activity by gel electrophoretic analysis
Measurements of p53-dependent 3'-45' exonuclease activities were carried out with wtp53 or p53-1262 at a concentration of 1 nM each and with 50 pM 5'-32 P end labeled DNA substrate within a mixture of 25 mM Tris-HCl (pH 8.0), 3 mM ATP, 5 mM MgCl 2 , 1 mM DTT, 6% glycerol, and 150 nM BSA. Exonuclease assays were initiated by the addition of labeled`top' oligonucleotide,`short HJs', or long HJs', as individually indicated. After dierent periods of incubation at 378C the reactions were stopped by EDTA/ proteinase K treatment. After electrophoresis in a 6% TBEbuered polyacrylamide gel at room temperature and subsequent autoradiography the reaction products were quantitatively evaluated by a PhosphorImager. Data obtained as the mean values of 2 ± 6 independent measurements each were non-linearly ®tted and rates calculated using the programs Excel and Gra®t (Microsoft Corp.).
